INTRODUCTION
; however, additional measures have been shown to provide complementary information on the efficacy of DMTs [1, 5, 6] . Brain atrophy has become increasingly important due to its core role in the pathophysiology of MS, correlations with clinical dysfunction, and the technological post-processing advances allowing a continuing increase in the sophistication of MRI quantification methods [1, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In addition, the use of higher-field (i.e., 3T) MRI scanners provides the potential for increased accuracy and reliability in the assessment of lesions and atrophy [9, 10, 20] . Brain atrophy was once thought to be predominantly the result of white matter (WM) volume loss, but it is now widely accepted that gray matter (GM) bears the brunt of such atrophy [13] . Furthermore, several studies have indicated that GM atrophy may be a more reliable marker of treatment effects than WM atrophy, as WM volume is prone to fluctuations [21] ; this is partly on the basis of pseudoatrophy in the first few months after the initiation of DMTs [22, 23] , or transient increases in WM volume due to inflammation [24] . GM atrophy occurs early in the MS disease course, is related to immunologic changes, physical disability, cognitive dysfunction, depression, and quality of life, and can predict long-term clinical changes [1, 5, 7, 8, 10, 11, 13, 15, 17, 18, [25] [26] [27] [28] [29] [30] [31] [32] [33] . Thus, assessing therapeutic effects on GM atrophy is an attractive strategy for further exploration [12] .
Phase III MS clinical trials have shown that several DMTs partially, but significantly, reduce the rate of whole brain atrophy when compared to placebo treatment [6, 13, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] ; however, assessments of such effects on cerebral GM atrophy are largely limited to smaller post hoc or phase IV studies [12, 18, 19, 23, [45] [46] [47] .
Dimethyl fumarate (DMF) is an orally administered agent approved for the treatment of relapsing-remitting (RR) MS. Its proposed mechanism of action involves the activation of the nuclear factor (erythroid-derived 2)-like 2 (Nrf2) pathway and Nrf2 independent pathways to increase resistance against oxidative stress, potentially providing both anti-inflammatory and neuroprotective effects [48, 49] . DMF has been shown to significantly reduce relapse rates, progression of physical disability, and the accumulation of brain MRI lesions in patients with RRMS when compared to placebo [37, 38, [50] [51] [52] [53] [54] . The pivotal phase III trials have also shown that DMF therapy significantly reduces the rate of whole brain volume loss compared to placebo [37, 38] . However, no published study to date has assessed the impact of DMF on GM damage, such as the progression of GM atrophy. The objective of this pilot study was to compare the 1-year rate of cerebral GM atrophy in patients with RRMS after the start of DMF, as compared to untreated patients, in a ''real-world'' clinical care setting.
METHODS

Subjects
Baseline demographic and clinical characteristics of all subjects are presented in voxel size: 0.4297 9 0.4297 9 3 mm for all except a patient with 0.8594 9 0.8594 9 3 mm). For the DMF group, baseline MRI was conducted within (mean ± SD) 2.0 ± 2.8 months (range 6 months prior to 2 months post) of the start of DMF. Follow-up MRI for all subjects was obtained at a similar interval between groups within a range of 9-15 months after baseline MRI (DMF group:
12.2 ± 1.2 months; noDMT group: 11.8 ± 2.1 months; p = 0.59).
MRI Analysis
Pre-processing All image pre-processing was performed using 
Global Cerebral Atrophy
The MPRAGE images were applied to an automated pipeline, the Structural Image Evaluation using Normalization of Atrophy (SIENA v. 5.0; Analysis Group, Oxford, UK, http://fsl.fmrib.ox.ac.uk), to assess the intra-subject percentage whole brain volume change (PBVC) between baseline and follow-up scans ( Fig. 1 ). The use of SIENA to assess longitudinal whole brain atrophy is well established [14, 27, 38, 55] . To assess the reliability of this method with our acquisitions, three randomly chosen patients with MS and three healthy controls underwent an MPRAGE scan followed by a re-scan on the same day. Thus, two scans were acquired from each subject, where the subject was removed from the scanner for a few minutes between scans, and was repositioned and re-scanned by the MRI technologist. The MPRAGE acquisitions were performed with the same scanner platform and acquisition protocol as that employed in the present study. In these six scan-re-scan subjects, the PBVC was -0.080 ± 0.26%, indicating high reliability. ox.ac.uk), to determine whole-structure volume of the putamen, caudate, globus pallidus, and thalamus. The total DGM was the sum of these four structures (Fig. 1 ). The use of FSL-FIRST to determine the volume of sub-cortical structures is well established [9, 26, 56] . Our previous experience with this method shows high scan-re-scan reliability, with an average intraclass correlation coefficient of 0.99 [9] .
Lesion Analysis Whole brain T2 hyperintense lesion volume (T2LV) analysis was performed using a semi-automated method based on expert tracing from the FLAIR images using Jim software (version 7; Xinapse Systems Ltd., West Bergholt, UK; http://www.xinapse.com), as previously described [20] . The number of cerebral Gad-enhancing lesions was determined from axial 2D T1-weighted post-Gad images by the same observer. Our methods for quantifying lesions have been shown to be highly reliable, as detailed previously [57] .
All analysis was conducted in a blinded manner; researchers were unaware of clinical and demographic characteristics. Brain atrophy analysis was conducted by one observer (RC). Lesion analysis was conducted by a single observer (SD) and confirmed by a senior observer (ST). In the present study, we utilized the FSL/FIRST outputs to assess the volume of the thalamus, caudate, putamen, and globus pallidus (and their sum = total deep gray matter). In addition, we employed SIENA (Structural Image Evaluation using Normalization of Atrophy) to create a difference map in each subject to assess the within-subject change in whole brain volume from baseline to 1-year follow-up. One anatomic slice from the SIENA output is shown (c) for a subject. The colors on the image indicate the brain parenchymal change between baseline and follow-up, based on shifts of the brain boundary. Lighter blue colors indicate brain tissue volume loss over time (atrophy), whereas yellow colors indicate tissue volume increase. In this case, the patient experienced whole brain atrophy-percentage whole brain volume change of -1.69%. The images are from a 31-year-old woman with multiple sclerosis from the no disease-modifying therapy group, disease duration 2.4 years, baseline Expanded Disability Status Scale score 2, and baseline timed 25-foot walk 5 Table 1) .
On-Study Change in Global Cerebral
Atrophy
In comparisons of the change in whole brain volume from baseline to follow-up, the DMF group showed less atrophy, with a lower PBVC, than the noDMT group (-0.37 ± 0.49% vs.
-1.04 ± 0.67%, p = 0.02; when taking into account the time between baseline and follow-up MRI scans: p = 0.005) ( Table 2 ; Fig. 2 ). Fig. 2 Brain volume change on-study: whole brain atrophy. Percentage whole brain volume changes (PBVC) from baseline to follow-up were assessed in patients with multiple sclerosis on dimethyl fumarate (DMF) therapy vs. patients on no disease-modifying therapy (noDMT). Means and standard deviation bars are shown. On average, the DMT group had a 64.4% lower rate of whole brain atrophy than the noDMT group (p = 0.02; p = 0.005, adjusted for MRI interval). *p\0.05
On-Study Change in DGM Atrophy
In comparisons of on-study DGM volume changes, the DMF group showed significantly less atrophy, with smaller putamen volume changes, than the noDMT group (-0.06 ± 0.22 vs. -0.32 ± 0.28 ml, p = 0.04). There were no significant on-study differences between groups in caudate, globus pallidus, thalamus, or total DGM volumes (all p[0.35) (Table 2; Fig. 3 ).
Similar results were found when adjusting for the time between baseline and follow-up MRI scans (putamen p = 0.02; other volumes p[0.25) ( Table 2 ; Fig. 3 ).
On-Study Change in Lesions
In terms of on-study T2LV and Gad count change, no significant differences were found between the two groups (both p[0.40). Similar 
Additional Statistical Analysis of Treatment Effect Adjusting for Baseline Characteristics
The results did not change appreciably in multiple variable models when controlling for baseline T2LV, number of Gad-enhancing lesions, and age (in addition to the time between scans). The group comparison of on-study PBVC and putamen volume change remained significant in all models (p\0.05). In subset analyses that accounted for the time between scans and were also balanced on age (\52 years, n = 22), T2LV (\7.0 ml, n = 20), number of Gad-enhancing lesions (B1, n = 23), and with all three restrictions (n = 17), the group differences in the changes in putamen volume and PBVC remained meaningful in favor of the DMF group. For example, in subset analyses (n = 17) with concomitant reduced power, where the two groups were balanced on all three restrictions, the predicted on-study putamen volume decrease was 0.07 ml for DMF and 0.31 ml for noDMT (p = 0.10); the predicted PBVC decrease was 0.33 for DMF and 1.05 for noDMT (p = 0.02).
On-Study Clinical Changes
When comparing DMF and noDMT groups in terms of on-study clinical relapses, no significant differences were noted; one patient in the noDMT group experienced a relapse (per patient relapse rate 12.5%) in comparison to 2 patients in the DMF group (rate 10%) (p = 1.0).
In addition, no significant differences were found between groups in terms of on-study 
Correlation Analysis
When assessing relationships between DGM volume and lesions in all subjects, a significant correlation was found between total DGM volume and T2LV at baseline (Spearman r = -0.45, p = 0.02); however, no significant correlations were found between the on-study changes in total DGM volume and on-study changes in T2LV, baseline T2LV, or baseline age 
DISCUSSION
The purpose of this pilot study was to compare the rate of cerebral GM atrophy in patients with RRMS recently started on DMF vs. untreated patients. Our results show that the DMF group experienced a lower rate of whole brain atrophy than the noDMT group. Additionally, the DMF group had a lower rate of putamen atrophy. No significant on-study differences were detected between groups in caudate, globus pallidus, thalamus, total DGM volume, T2 lesion volume, or clinical measures. These exploratory results provide novel information both in the suggestion of a treatment effect on brain atrophy in the first year after starting DMF and in the demonstration of such effects on GM atrophy. However, these findings should be considered preliminary due to the small sample size and the non-randomized study design.
The results of the present study suggest a treatment effect on brain atrophy appearing in the first year after the start of DMF therapy. In the two pivotal phase III RRMS trials of DMF, a dosage of 240 mg twice a day showed a partial but significant effect at 2 years in limiting the rate of whole brain atrophy compared to placebo. In the DEFINE study, DMF showed a statistically significant 21% lower rate of atrophy from 0 to 24 months, and a significant 30% lower rate from 6 to 24 months of the study; however, a 1-year time point MRI scan was not performed [37] . In the CONFIRM study, DMF showed a statistically significant 32% lower rate of atrophy between years 1 and 2, although no significant treatment effect was detected in the first year [38] . With regard to the other approved DMTs for RRMS with effects on limiting brain atrophy apparent in the first year, fingolimod has shown an effect on whole brain atrophy in two pivotal phase III studies, apparent at 6 months, as compared to placebo [43, 44] . Patients on teriflunomide experienced significant reductions in brain volume change in comparison to placebo at 1 and 2 years [42] . Additionally, one of the pivotal phase III studies of alemtuzumab showed a lower rate of whole brain atrophy in comparison to patients on IFNb-1a at 1 year [58] ; the treatment effect was also apparent over 2 years [40, 41] . Similarly, patients on daclizumab experienced significant reductions in the rate of whole brain volume loss compared to patients on IFNb-1a in both the first and second year of treatment [59] . The demonstration of such early treatment effects on brain atrophy has otherwise typically required 2 years in MS clinical trials [13, 19, 34] . For instance, patients on intramuscular or subcutaneous IFNb-1a
showed a significant reduction in whole brain atrophy in comparison to patients on placebo after 2 years, but not in the first year [6, 35] .
Likewise, patients on GA demonstrated a significant reduction in the rate of whole brain volume loss compared to placebo only in the second 9 months after the start of therapy [36] .
Patients on natalizumab showed a significant reduction in the rate of whole brain atrophy compared to placebo in the second but not first year of therapy [39] . The lack of an early treatment effect in these studies has been attributed to two main factors. First, pseudoatrophy may occur in the initial few months after starting DMTs, due to a net loss of edema fluid and inflammatory cells from the brain to the systemic circulation [13, 21, 34] .
Second, a time delay may exist for some DMTs, for which the downstream results of their immunomodulatory benefits on ultimate tissue loss may require several months to achieve [6] .
To further understand the effect of DMF on brain atrophy, the present study focused on its impact on GM atrophy. Analysis of DGM structures showed a lower rate of atrophy of the putamen over 1 year in the DMF vs. the noDMT group. A limited number of previous studies have assessed the impact of other DMTs on cerebral GM [19, 60] There are several possible mechanisms by which the MS disease process leads to DGM atrophy. Considering these will help us understand how DMF may exert its therapeutic effect. First, the DGM is highly interconnected with the rest of the brain [63] [64] [65] , and thus is quite vulnerable to the ''dying back'' (Wallerian degeneration) effects of neuronal loss following MS-related WM demyelination and axonal transection [65] [66] [67] [68] .
This would be consistent with the present findings, showing a significant inverse correlation between T2LV and total DGM volume. Second, the DGM is thought to be a site of excessive iron deposition in patients with MS, which has been linked to physical disability, cognitive dysfunction, and brain atrophy [69, 70] . While deposition of iron may represent purely an epiphenomena of neurodegeneration, one must consider the possibility that iron-mediated (or other forms of) oxidative stress and lipid peroxidation may target the DGM [71] . The third aspect to consider is direct injury to the DGM by the presence of demyelinating foci (lesions); 7T MRI has been pivotal in showing an abundance of such lesions, which are linked to physical disability, progressive disease, and cortical lesions [72] . These are histologically characterized by demyelination, inflammation, and axonal damage [64] . The fourth theory is based on the proximity of the DGM to the ventricular CSF, in which activated lymphocytes are thought to enter via the choroid plexus [73] . DMF has the potential to confer its protective effect on brain atrophy by targeting all four of these proposed mechanisms. This includes its neuroprotective effects via the Nrf2 antioxidant pathway [48] , and a wide range of immune effects, such as decreasing T-cells [74] , increasing the number of circulating regulatory B-cells [75] , exerting immunomodulatory effects on T-cell subsets and antigen-presenting cells [76] , downregulating pro-inflammatory cytokines [77] , and upregulating the anti-inflammatory cytokine interleukin 10 [78] .
Our study has several potential limitations and internal inconsistencies that must be considered. For example, the present study did not show a treatment effect on MRI-defined lesions. This contradicts the findings of phase III clinical trials that have indicated the ability of DMF to limit the appearance of new or enlarging T2 and Gad lesions [37, 38] .
Additionally, we noted a lack of treatment effect on clinical measures including relapse rate, EDSS score, and T25FW. Such inconsistencies may be a result of the small sample size, non-randomized comparison, and the limited duration of the study, given that previous trials assessed treatment effects over 2 years as opposed to 1 year. Our results demonstrated a significant effect on putamen volume change, but not on any other DGM structure or total DGM. This may be due to the fact that DGM nuclei are small structures with complex shapes and sizes, making them susceptible to measurement biases. It may also suggest that a longer treatment period would yield volume changes more readily detected by our methods of quantification. In addition, the patients in the DMF arm had been previously treated with other DMTs, and it is not known whether long-term effects of the previous agents influenced our results, even after these treatments were stopped. Lastly, the retrospective design of the present study may have had an impact on our findings. Despite these factors, however, our findings could serve as an impetus for future studies to assess the effects of DMF treatment on cerebral GM in larger prospective controlled studies.
CONCLUSIONS
The results of this study suggest a treatment effect of DMF on GM atrophy appearing 1 year after starting therapy. However, due to the retrospective study design and sample size, these findings should be considered preliminary, and require confirmation in future investigations. 
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